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to reduce carbon emission. Various possibilities for implementing low carbon economy drive by 
practicing phototechnology are reviewed in this paper. In particular, different challenges and applicable 
solutions for efficient and economical conversion of greenhouse gases to renewable fuels are discussed. 
The roles of key parameters such as types of reductant, reduction potential, pH of mixture, metal-loaded 
Keywords: and supported catalyst on hydrocarbon yield and selectivity are also investigated. Various types of 
CO2 recycling photoreactors and different challenges in the design are also elaborated. It was obvious that modification 


Photocatalysis of semiconductor photocatalyst, optimum operating parameters and suitable photoreactor design are 

Hydrocarbon fuels ; : H : : i 
Sustainability pertinent for efficient CO reduction to sustainable hydrocarbon fuels. In view of the current scenario, 
there are ample opportunities for producing renewable fuels and establishing a sustainable carbon 

neutral cycle using phototechnology. 
© 2013 Elsevier Ltd. All rights reserved. 
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industrialization and modernization has amplified energy demands 
while fossil fuels have remained as the main source of energy, 
exacerbating critical social issues like security of energy supply and 
climate change [1,2]. 

Energy is essential for acquiring primary needs as well as for 
sustaining comfortable, modern life style. Energy needs are 
escalating due to better quality life, rapid industrialization and 
increase of populations [3-5]. Presently, world annual energy 
consumption is 13.95 terawatt (TW) which is expected to be 
higher than 50 TW at the end of this century. If such trends of 
energy consumption continue then all proven global oil reservoirs 
will be depleted within 42 years [6,7]. Therefore, an ever increas- 
ing world population hungry to consume more energy compared 
with limited non-renewable fossil fuels has created threats for 
course of collision [8]. Alternative renewable energy resources 
could provide sustainable energy necessary to sustain or improve 
the standards of living [9-11]. 

Nuclear technologies are considered attractive alternatives. 
However, the energy is unable to provide liquid fuels necessary 
for transportation and also to produce 10 TW per year, since it will 
consume all known uranium resources within 10 years [12]. 
In addition, this technology is unsafe, as demonstrated by the 
nuclear power plant disaster in Japan due to earthquake and 
tsunami in March, 2011. Utilization of biomass, however, offers 
ways for waste to wealth concept by converting forest, agriculture 
or municipal solid wastes to bioenergy or biofuels and can provide 
7 to 10 TW of energy [13,14]. The wind can provide 2.1 TW while 
hydroelectric can provide an additional of 15 TW of energy. 
Cumulative energy from tides and oceans current would amount 
to less than 2 TW. The solar energy is considered freely available 
with average flux of 120,000 TW strikes on earth surface but it is 
diffuse and intermittent [15]. Therefore, in addition to these 
renewable energy technologies, other energy resources should 
be explored to provide sufficient energy for the 21st century and 
beyond. 

Climate change is one of the primary concerns for humanity in 
the 21st century. The anthropogenic emissions of CO2, mostly from 
combustion of fossil fuels, have widely been accepted as the main 
source of global warming. The concentration of CO, was increasing 
at a rate of ca. 1% per year but this increment per year has shifted 
to > 2% over the last 25 years [16]. Many scientific studies reveal 
that CO- concentration has increased about 31% over the last 200 
years. The global mean surface temperature has risen by 0.4-0.8 °C 
in the last century exceeding the base line of 14 °C [13,17]. If such 
trends persist, then the global temperature would be greater than 
4.5 °C by the middle of this century. Given the growing demand for 
global energy with fossil fuels as the primary source, substantial 
reduction in CO, emissions is essential to stabilize its concentra- 
tion. Moreover, for global temperature to stabilize the CO global 
emission has to be reduced between 50 and 80% of the emission 
level reported in the year 2000 by 2050 [17,18]. 

Utilizing easily available and renewable carbon resource such 
as CO, for development of carbon based fuels is important for 
sustainability, since CO2 is green and cheap, totally abundant, 
renewable feedstock and can mitigate global warming [19]. How- 
ever, the biggest obstacle for establishing industrial processes 
based on CO; is its lower energy level. In other words, CO» is 
stable and higher energy is required to transform it into useful 
chemicals and/or fuels. During the last few years, various types of 
technologies have been under investigation for CO, reforming to 
carbon based chemicals and fuels namely, thermal reforming, 
plasma reforming and photoreduction [17]. 

In thermal reforming, CO, can be converted to synthesis gas 
(CO, H2) through an endothermic process by supplying 247 KJ/ 
mole of input energy at temperature range of 800-1000 °C and 
pressure of 8-10 bars over different types of catalysts [20-23]. 


The CO2 reforming of CH, is explained by [24] 
CH4 + CO2 > 2CO0+2H, AH= +247 KjJ/mole (1) 


In this reaction, the yield of syngas could increase with tempera- 
ture; however, high temperature may affect catalyst stability. At 
higher temperature, more coke is produced which very likely is 
deposited over the catalyst surface causing catalyst deactivation 
and reactor clogging [24,25]. On the other hand, at the commercial 
level, fixed bed reactors are frequently employed for thermal 
reforming of CO2-CH, to produce synthesis gas. The input energy 
required for endothermic reaction is supplied by natural gas 
combustion according [26] 


CH4+202 >CO2+ 2H20 AH= -800 KJ/mole (2) 


Eq. (2) reveals 1 mole of CH, releases 800 KJ of energy but only 
70% of energy can be possibly utilized for efficient process. In this 
way, 0.44 mole of CH, will be necessary to reform 1 mole of CO2 
and 0.44 mole of CO, would be released to atmosphere. Therefore, 
to produce 2 mole of CO during CO2 and CH, reforming, it would 
be necessary to utilize 1.44 mole of CH, with 0.44 mole of CO, 
emitted as greenhouse gas. Thus, a net 0.56 mole of CO2 will be 
treated by consuming 1.44 mole of natural gas [27]. 

CO, reforming of CH, by plasma is considered a new technol- 
ogy that offers better alternatives compared to thermal catalytic 
processes. Contrary to catalytic reforming, plasma technology has 
advantages, since reaction takes place at lower temperature and 
pressure [28]. Nevertheless, higher input energy in terms of 
electrons and radicals production for reforming reactions is still 
a challenge. The reforming reactions through plasma are very 
complex. The simplified equations are given in [27] 


e* or pyrolysis 


CH, > C+ 2H2 (3) 


e* or pyrolysis 
> 


CO2 CO + O (4) 


C+0->CO (5) 


Eqs. (3) and (4) are highly endothermic reactions induced by 
thermochemical pyrolysis, while Eq. (5) is radical reaction. In 
plasma process, electrons, radicals and ions are produced by 
applying higher voltages using electricity, but on commercial scale 
this process is energized by combusting natural gas. As discussed 
in Eq. (2), during complete combustion of one mole of CH4, about 
800 KJ of heat energy is released. In efficient process, 42% of this 
energy can be converted to electricity and 67% of electricity is 
possible to be utilized in plasma reactions [27]. In this way, to get 
2 mole of CO during CO2 reforming, it would be necessary to burn 
1.10 mole of CH, and 1.10 mole of CO, gas should be released to 
atmosphere. In addition, achieving higher efficiency inside a 
plasma reactor at the commercial level is quite challenging [29,30]. 

In recent innovations, the ubiquitous photocatalysis has gained 
increasing attention as it can operate at normal operating condi- 
tions. In photocatalytic CO» reduction to reusable hydrocarbon 
energy requirement for endothermic reaction could be provided 
through harnessing sunlight which is a green source of energy. In 
this technology, stability of catalyst and its performance is 
affirmed due to mild operating conditions. The photoreduction 
of COz by using H20 and/or CH, as reductant are stated in 


hv, catalyst 


CO + 2H20 os + 202 (7) 


hv, catalyst 
> 


CO) + CH4 CO + CH30H (8) 


Eqs. (6)}(8) revealed renewable fuels such as CO, CH, and CH30H 
can be produced in single step using solar energy. Hence, these 
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reactions affirmed phototechnology as the most attractive and a 
future hope for mitigation of greenhouse gas with production of 
green fuels for sustainable development [31]. However, there are 
certain challenges in practicing this technology as lower CO2 
conversion and selectivity have been reported [32,33]. To make 
CO- conversion approach economically practical and industrially 
scalable, research should focus on increasing the overall CO, 
photo-conversion efficiency and selectivity; thus ultimately effi- 
cient photocatalysts and reactors are needed. In this way, CO2 
recycling to renewable fuels using solar energy may imbues 
sustainable energy distribution in future without any net increase 
in greenhouse gas [34-36]. 

The objective of this paper is to review photocatalysis process 
for COz recycling to hydrocarbon fuels. The main focus is to 
present the fundamentals in phototechnology, prospects in CO, 
recycling to hydrocarbon fuels and future challenges. The various 
factors that could affect CO, reduction process are critically 
discussed. The advances in photoreactors and recommendations 
to improve CO, reduction efficiency and selectivity are also 
deliberated. 


solar/renewable 
energy 


Industrial plant 


b 


solar/renewable 
energy 


Industrial plant 


CH30H, C,-C, hydrocarbons 


2. Prospects and developments in CO2 recycling 
2.1. Favorable recycling pathways 


Although phototechnology is most promising, there are certain 
fundamental pathways to obtain solar fuels as the final product. 
The necessary steps in CO, reduction to solar fuels include; 
(i) collection of solar energy, (ii) availability of feedstock (COz, 
H20), and (iii) photoreduction of feedstock to products. Solar 
energy is available in excess which can be captured and/or used 
as direct solar irradiations. However, for this purpose, efficient 
solar reactors are required. Besides this, UV light, energy from 
wind and other renewable energy resources could also be 
employed for photocatalysis. 

Furthermore, CO, available in excess in atmosphere, could be 
captured and stored by employing efficient techniques [37]. For 
capturing COV, several possible ways including (a) chemical 
absorption, (b) physical absorption, (c) solid physical absorption, 
(d) cryogenic separation, (e) membrane separation, (f) and alkaline 
based salts are available Some novel ways of CO, capturing such as 


CO), recycling 


C,H, 


CO, recycling 


Fig. 1. Recycling of carbon dioxide to renewable fuels: (a) capturing and recycling of CO2 from point source and recycling after combustion; (b) capturing and recycling CO2 


from point source and from atmosphere and recycling after combustion. 
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ammonia scrubbing, are being developed which would improve 
overall process efficiency [38]. However, efficient conversion of 
CO, feed stock to valuable chemicals under solar irradiations 
entirely depends on type of photocatalytic reactors. Therefore, 
highly scalable and novel reactors designs are critical for convert- 
ing CO2 to viable hydrocarbon fuels efficiently and economically. 

The photocatalytic CO reduction approaches helpful to pro- 
duce hydrocarbon fuels are depicted in Fig. 1(a and b). CO2 
capturing from point source and photoreduction to hydrocarbon 
fuels is illustrated in Fig. 1(a). This approach will be useful mainly 
in power sector and industry as large scale point sources are 
available. The net carbon neutral cycle can be achieved by 
recycling CO2 after hydrocarbon fuels combustion as well. On the 
other hand, input energy for CO, reduction could be employed 
using direct solar irradiations or using other renewable sources 
such as wind energy. This process can be tailored to generate CO. 
CO and H; can be combined to make synthesis gas used as feed 
stock for various processes including Fischer-Tropsch for liquid 
fuel synthesis. Further improvement in carbon neutral cycle could 
be possible by utilizing CO» from atmosphere in addition to 
recycling CO2 from source, as illustrated in Fig. 1(b). Therefore, 
there are ample opportunities available to produce solar hydro- 
carbon fuels by recycling CO2 but still efficient capturing and 
photoreduction technologies are critical. 

Pertaining to sustainable development, complete CO2 neutral 
cycle, indicating net zero carbon emission is depicted in Fig. 2 [39]. 
The artificial method of CO, recycling involve capturing COz from 
the atmosphere or a point source and by subjecting to one or more 
chemical processes, it can be converted into value added products. 
These products could be used for energy production while com- 
pleting the cycle obtained by capturing CO, released after combus- 
tion. However, external energy is required for CO, capturing and 
converting. Various physical methods will be employed for CO2 
capturing as discussed above. CO, conversion to CO or hydrocarbon 


Atmosphere 
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0 \ 3 
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Renewable energy ( 
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of CO, 


syngas 


Biomass 
cracking 


Fuel synthesis 
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fuels is much more energy intensive, hence solar or other renew- 
able energy sources such as wind energy can be employed through 
photocatalysis or electro-catalysis. Hydrogenation of CO» over 
photocatalyst at normal temperature and pressure to make hydro- 
carbons such as CHy, or oxygenated hydrocarbons like CH30H is 
also a viable approach. The hydrogen for this process can be derived 
from the sunlight driven water splitting process. The reversed water 
gas shift reaction will also be coupled with CO, reduction process 
through hydrogenation to form methanol and dimethyl ether. 
However, photoreduction of CO, through concentrated sunlight is 
one of the most promising approaches as it needed only CO2 and 
water as the feed stocks if only hydrocarbons are to be produced. 
The synthesis gas produces during photocatalysis is used as feed 
stock for various processes including the Fischer-Tropsch for liquid 
fuel synthesis. These renewable fuels are compatible to replace 
petroleum based non-renewable fossil fuels and can either be 
supplied to industrial plants, transportation sector or to houses as 
source of energy. However, CO2 photocatalysis to hydrocarbon fuels 
is still at its initial stages and significant developments are required 
to be scaled up commercially. 


2.2. Fundamentals in photocatalysis 


Photocatalysis is a process in which light radiations having 
energy equal to or greater than the band gap energy (Epg) of a 
semiconductor strikes on its surface and generates electron 
(e')-hole (h*) pairs. The photogenerated electrons and holes 
participate in various oxidation and reduction processes to pro- 
duce final products. However, if the charges fail to find any 
trapped species on the surface or their energy band gap is too 
small, they recombine immediately releasing unproductive energy 
as heat [40]. In particular, the activity of heterogeneous photo- 
catalysis depends on; (a) composition of reaction medium, 
(b) adsorption of reactants on semiconductor surface, (c) kind of 


CO, for 


CO, recycle plants 


< vehicles 


Pad 
plant 


Combustion 


Hydrocarbons 
/Alcohols 


Chemical 
synthesis 


Fig. 2. Carbon dioxide neutral cycle with renewable methanol and liquid fuel production. 
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semiconductor and its crystallographic/morphological character- 
istics, and (d) ability of semiconductor to absorb UV or visible light 
[41,42]. 

During photoreduction process, several processes related to 
catalyst, interface, and donor-acceptor are involved as explained 
in Fig. 3. In catalyst related process, there is production of 
electrons and holes by absorbing photons. The lifetime of the 
charges is few nanoseconds only, therefore, several recombine 
immediately, and others participate in carrying various chemical 
reactions. Interface related process consists of transfer of electrons 


Conduction band (CB) 


Band gap 
(Exp) 


Valance band (VB) 


Interface process 


Catalyst related process 
| hv+Ti0, > e` +h* 
} e7 + ht = heat 


a E 
l 
l 
i 


I 

i 

1 e Electron transfer 
le Adsorption 
1 
I 


e Mass transfer 


and adsorption on catalyst surface and mass transfer. In 
donor-acceptor related process, electrons and holes which escape 
from the excitation regions are trapped by adsorbed species, 
which become active and participate in various reduction and 
oxidation process. 

Detailed explanation of photoreduction surface phenomenon 
for heterogeneous photocatalysis is presented in Fig. 4 [40,41]. The 
heterogeneous photocatalysis mechanism is very complex and 
many possibilities or reaction paths are possible. This depends 
on the life of charge particles i.e., if their energy band gap is lower 


| Reduction process i 
D* + ht > product 
D*++ At > DA 

D+ +e" >D 
Oxidation Process l 
I 

I 

} 


Fig. 3. Schematic representation of band gap formation and photocatalytic processes. 
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Fig. 4. Mechanism and pathways for photocatalytic oxidation and reduction processes on the surface of heterogeneous photocatalyst. 
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Summary of photocatalytic CO2 reduction literature over various types of photocatalysts. 


Years 


1994 


1995 


1997 


1997 


1998 


1998 


1999 


2002 


2003 


2004 


2004 


2004 


2004 


2005 


2005 


2005 


2006 


2006 


2007 


2007 


2008 


2008 


2008 


2008 


2009 


2009 


2010 


2010 


Reducant 
CO2-H20 


CO2—-H20 


CO2—-H20 


CO2-H20 
CO -H30 


CO2—-H20 


CO2-H2 


CO-H30 


CO-H30 


CO2—-H20 


CO-CH4 
CO2-H20 
CO2-CH, 


CO2—-H20 


CO2-H20 


CO-H30 


CO2-H20 


CO2-H20 


Photocatalyst Light source 


Cu-TiO2 
Cu/TiO2 
Pt/TiO2-Y- 
zeolite 

TiO2 powder 
Cu, Ag, 
Au/p-Si 
Ti-MCM-41 
and Ti-MCM- 


48 
Rh/TiO> 


Ti02/SiO2, 
Ti-MCM-41 
Ti/Si-h-c 
(hexagonal 
and cubic) 
TiSBA-15 


Cu/CdS -TiO,/ 
SiO2 


TiO2 
ZrO2 


Cu/TiO2 
CuO/TiO2, 
23 nm, 3% 
cud, 

45.8 m?/g¢ 
Ti-HMS 
TiO2 

MgO 


TiO», ZrO. 


NiO/InTaO4 


Ga203 


Cu-Fe/TiO2 


TiO, 


Ag/TiO2 


CdS/TNT, 
Bi,S3/TNT 


TiO» 


NiO/InTa04 


CdSe/Pt/TiO2 


450 W-Xe-lamp 


75-W, High 
pressure mercury 
lamp, 2 > 280 nm 
78-W, high 
pressure Hg lamp, 
24> 280 nm 

990 W Xe lamp, 


Tungston-Halogen 
lamp 

High pressure 
mercury lamp, 
A> 280nm 
500-W ultrahigh- 
pressure mercury 
lamp, 2=290-450 
100-W high- 
pressure Hg lamp 
100 W high 
pressure Hg lamp, 


Mercury lamp 


125-W, Ultrahigh 
pressure, Hg lamp 


4=350 nm 
500-W, Ultrahigh 
pressure, Hg lamp 
UV light 


UV lamp-10 W, 
415-700 nm, 
2.78 eV 


NA 


UV lamp, 


500-W, Ultrahigh 
pressure, Hg lamp 
15-W, near-UV 
lamps, 2=365, 
254nm 

500 W halogen 
visible light, 2.6 eV, 
Wavelength= 

465 nm 

300-W, Xe-lamp 
(220-300 nm) 
150-W high 
pressure Hg lamp 
200 W Hg/Xe-lamp 


8 W, Hg lamp 
254 nm, 365 nm 


500 W Xe-lamp, 
3.0 eV, 400- 
800 nm 


8-W, Hg lamp, 
A>254nm 
100 W halogen 
lamp, 


300-W, Xe arc 
lamp, 2 > 420 nm 


T, P 


25°C; 
1atm 
273-323 K, 
1 atm 


328 K, 
1 atm 


P=6.5 MPa 


25°C, 
1atm 
328 K, 
1atm 


T=273 K, 
1 atm 


323 K, 
1 atm 
323 K 


NA 


393 K, 
1 atm 


NA 
293 K, 
1 atm 
75°C 
1.05 to 
1.4 bar 
NA 


328 K 


298 K 


293 K, 
1 atm 
43°C, 
1 atm 


NA 


473 K, 
1 atm, 
25°C, 
1atm 
NA 


NA 


298 K 


273 K, 
110 KPa 
25 to 
75 °C, 
101 Kpa 
25°C, 
1atm 


product(s) 
Methane, 
ethylene 
CHa, 
CH30H, CO 


CH30H, 
CH4 


HCOOH 
CO, Hə 


CHa, 
CH30H 


co 
CH4, 
CH30H 
CHOH, 
CHa 
CHa, 
CH30H 


CH3COCH3 
CH3CH3, 
co 

CH4 

CO, Ho, 


CH30H 


CH30H 


CHa, 
CH30H 


CH4 
CO, H2 


CHa 


CH30H 


CO, Hp, 
C2H6 
CHa, C2H4 


CH30H 


CH4, 
CH30H 
CH30H 


CH4 


Reactor type 


Stainless steel with 
quartz window 
Quartz cell 


Quartz cell 


High pressure 
stainless steel vessel 
H-shaped pyrex cell 


Quartz cell 
connected with 
vaccum 

Fixed bed quartz 
reactor 


Quartz cell 


Quartz cell with flat 
bottom (88 cm?) 


NA 


Quartz Fixed bed 
reactor 


Slurry reactor 
Fixed bed, flat 
bottom reactor 
Optical fiber 
photoreactor 


Pyrex glass slurry 
reactor 


Quartz cell 


Fixed bed quartz 
reactor 

Fixed bed flat 
bottom reactor 
Circulated reactor 


Pyrex reactor 
(slurry type) 


Quartz Fixed bed 
reactor 

Catalyst coated 
optical fiber reactor 
Slurry reactor 


Batch stirred 
annular reactor 


Continuous flow 
reactor 


Quartz tube reactor 


Pyrex glass optical 
fiber fixed bed 
reactor 
Photocatalysis cell 


Comments 


Trace amounts of methy alcohol, formaldehyde and CO 
were also produced. 

Addition of Cu promotes CH30H selectivity. TiO2 (110) 
performs better than TiO (100) 


Trace amounts of CO, C2H4, C2He and O2 were also 
observed. The addition of Pt increases the selectivity 

of CH4. 

CO» was filled in high pressure tank and then irradiated 
for 30h 

Small amount of HCOOH was also produced. 


TiO- played an important role for methanol selectivity. 


CH, was also produced and its selectivity increased by 
increasing Rh loading. 


Trace amounts of CO and O, were also produced. OH 
group played an important role in CH30H selectivity. 
The minor products like CO and O, were also observed. 
The yield increased linearly with time. The reaction was 
carried out in batch type mode. 

The absorption edges of TiO- shifted towards shorter 
wavelength. The yield of CH, was increased to 240 times 
and 4000 times for CH30H by using TiSBA-15 (2.4 M HCl) 
instead of TiOz 

Conversion of methane 1.47% and CO, 0.74% were 
achieved. 


CH30H and 2-roponal were also used as saturator. 

The other products like HCHO and CH3CHO were also 
observed. 

CH30H yield increased with UV intensity and maximum 
achieved was 0.45 umole g-catal.~' h™! at pressure of 1.29 
bars. 

Ethanol, propanol, acetone, and other hydrocarbons were 
also produced. CH3OH yield increased up to 3% Cu 
loading. 


Ti with lower HMS content led to higher CH30H yield. 
Hydrophobical modification in Ti-HMS surface by 
fluorination led to higher selectivity of CH30H. 

The yield of methane was 200 ppm. CO and H2 were also 
found in the product in small amounts 

Formaldehyde and acetaldehyde were also used as 
reaction substrate. CO of 3.6 umole was observed. 
Highest yield was obtained with Hz and ZrO, catalyst. 
Traces of CO and CzHg were also observed. 


CH30H yield increased with of NiO amount. Methanol 
yield obtained was 1.394 umole g-catal.”'! h™! at 1% NiO 
loading. 


Other products such as C2H4, and C3Hg were also 
observed. Conversion is near 1.22%. 

Presence of Fe co-doped on Cu enhanced C2H4 yield. 
Optical fiber reduction has higher yield than glass plate. 
Initially, fast cumulative yield of CH, and after 4 h. there 
was no yield. Maximum yield was 21.5 umole g-catal."!. 
The yield of methanol was higher at 254 nm than 365. At 
400 nm there was very low photocatalytic reduction 

of CO2. 

Modification of Titanium nanotubes (TNT) enhanced the 
yield of methanol. Higher yield (224.6 umole 

g-catal.”'! h7") was obtained by using Biz03, which was 
two times more than TNT. 

Different particle sizes of TiO, were studied and found 
14 nm as the optimum. 

With increase in temp, yield increased from 11.1 to 

21 umole g-catal.”! h7!. With conc. Sunlight yield was 
only 11.30 mole g-catal.“! h“. 

CH30H, Hə, CO were also observed. 
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Years Reducant Photocatalyst Light source T, P product(s) Reactor type Comments Ref. 
2010 CO2-H20 SiO2 Xe Lamp, 250nm 273K, co Cylindrical Methanol, formaldehyde and formic acid were not [101] 
supported < À < 400 nm 1 atm continuous flow measured. CH, appeared as a secondary product. 
Cu/TiO2 reactor built with 
stainless steel 
2010 CO2-H20 Cu/TiO2-Si02 Xe lamp 293 K, CO, CH4 Fixed bed having CO was primary product with TiO2-SiOz, but selectivity [101] 
1 atm catalyst on glass converted to CH4 with Cu addition. 
fiber 
2010 CO2-H20 Ag/TiO2 8-W, Hg lamp, 273 K, CHa, Quartz tube reactor, Yield of methane and methanol increased with Ag. [102] 
A>254nm latm CH30H slurry reactor 
2011 CO2-H20 ZnS-MMT 8-W, Hg lamp, 273 K, CH30H, Quartz tube reactor, Highest yield was obtained when lamp was near the [103] 
A>254nm 1atm CH4, CO, slurry reactor slurry surface. 
H3, O2 
2011 CO -H20 AgBr/TiO2z 150-W Xe lamp 7.5 MPa CH4, CO, Stainless steel slurry Methane (128.6 umole g-catal.”') and ethanol [104] 
A> 420 nm 5h CH30H, reactor (77.87 mole g-catal.~') yields were highest. Ethanol 
C2H50H (13 mole g-catal.~™!) and CO (32 pmole g-catal.~!) was 


and recombine immediately. However, if the charge particles have 
enough band gap energies to separate, then the following possi- 
bilities or paths are possible [37,42]: 


a) The photoinduced charges move towards the surface of semi- 
conductor, and transfer electrons or holes to adsorbed species. 
The electron transfer process is more effective if pre-adsorbed 
species already exist at the surface. At the surface, semicon- 
ductor can donate electron to reduce acceptors (path C), in turn 
a hole can transfer to the surface where an electron from donor 
species can combine with the surface hole, oxidizing donor 
species (Path D). 

During charges transfer process, there is possibility of electron- 
hole recombination. Recombination of separated electron and 
holes can possible in the volume or at the surface of semi- 
conductor with the release of unproductive heat. 

Surface recombination (Path A) occurred when electrons and 
holes recombine on the semiconductor surface. On the other 
hand, if charges have the opportunity to recombine inside the 
semiconductor volume, then this process is called volume 
recombination (Path B). 


eS 


Ne 


2.3. Progress towards sustainable hydrocarbon fuels 


Recycling CO, is a challenging task, since CO, is thermodyna- 
mically and kinetically stable that its reduction requires higher 
energy input. A lot of research has been conducted in CO, 
conversion to valuable chemicals [43-45] and fuels, while reaction 
involving only CO2 and H20 is more promising. Moreover, solar 
fuels drived during CO, reduction with H20 can be used to develop 
CO» neutral cycle from the CO, balance point of view. 

The earliest work on photo-electrochemical reduction of CO, to 
CH30H was reported by Halmann in 1978 [46] using electrochemical 
cell. Moving on, many researchers have investigated the use of 
different semiconductors to achieve visible light catalytic activities. 
Later in 1979, for the first time, photocatalytic reduction of CO2 to 
various organic compounds namely CH30H, HCOOH, CH, and HCHO 
was studied by Inoue et al. [47] using both oxide and non-oxide 
photocatalysts such as TiO}, WO3, ZnO, GaP, CdS and SiC using H20 as 
reducing agent illuminated by Hg and/or Xenon lamp. 

Subsequently, many researchers have studied photocatalytic 
COz reduction to fuels over various types of photocatalysts. 
Halmann et al. [48] reported the use of strontium titanate powder 
suspended in aqueous solution through which CO, was bubbled 
and illuminated by natural sunlight to produce HCHO, HCOOH and 


also produced 


CH3OH. Anpo et al. [49] reported the use of highly dispersed TiO2 
on glass for CO, reduction. Cu loaded TiO, powder was dispersed 
in CO pressurized solution at ambient temperature by Adachi 
et al. [50]. The products found were CH, and CH, in Xe lamp 
illumination. In another report, photocatalytic reduction of CO2 by 
H20 vapor was studied using zeolite modified TiO» photocatalyst 
resulting in high gaseous CH3OH selectivity [51]. Using Ti contain- 
ing porous SiO- films, Ikeue et al. [52] reported the production of 
CH, and CH30H from CO, and H2O mixture under Hg lamp 
irradiations. Another catalyst, Ru doped TiO2/SiO2 was used by 
Sasirekha et al. [53] for photocatalytic reduction of CO2 to CHOH 
as well. 

Recently, visible light photocatalysts have been under investi- 
gation for solar fuels production. The photocatalytic reduction of 
CO2 to CH30H has been reported by Liou et al. [54], with 
production rate of 0.16 mole g-catal."! h™! in which NiO doped 
InTaO, photocatalysts were illuminated under solar spectrum of 
wavelength 400 nm. Sato et al. [55] reported the p-type InP/Ru 
complex polymer hybrid photocatalyst for selective reduction of 
CO2. The main product observed was HCOOH with trace amounts 
of Hz and CO. In another study, Zhou et al. [56] reported ultra-thin 
and uniform BizgWOg square nanoplates for photocatalytic reduc- 
tion of CO, and observed BizWO, nanoplates were more efficient 
for reduction of CO, to CH, having yield rate of 1.1 mole g- 
catal. `! h7! with CH30H, O2, H2 and CO as secondary products. 
Efficient solar driven Ni and NiO modified N doped InTaO, 
photocatalyst was investigated by Tsai et al. [57] for efficient CO2 
reduction to CH30H. The maximum yield rate of CH30H reported 
was 162, 127.5 and 63.5 umole g-catal. ~! h“! for Ni-NiO/InTaO,-N, 
InTaO,-N and InTaO, respectively. 

Similarly, Li et al. [58] investigated the photocatalytic reduction 
of CO- to CH, using Pt loaded SiO2- pillared HNb3Og photocatalyst. 
The maximum yield of CH4 was 3.75 pmole-g-catal.! h™! over 
0.4 wt% Pt doped Si02-HNb3Og. A graphene photocatalyst-enzyme 
coupled photosynthesis system for production of HCOOH from CO, 
under solar energy was investigated by Yadav et al. [59]. The 
HCOOH production rate increased linearly under visible light 
irradiation. The maximum yield produced was 55.25 umole h`! 
by using CCGCMAQSP photocatalyst, while W2Fe4Ta2017 gave a 
yield rate of 7.125 umole h™!. Visible light responsive plasmonic 
shaped Ag X: Ag (X 1/4 Cl, Br) nanoparticles were investigated by 
An et al. [60] for photocatalytic reduction of CO2 to CH30H under 
visible light irradiation. Ag nanoparticles yield as much as 
21 umole g-catal.”' h7! of CH3OH was reported. 

Among metals, copper (Cu) is the most studied metal. Cu doped 
TiOz is more efficient to convert CO2 with H20 to CH3OH. 
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UV-light catalyst 
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MgO, TiO,, ZnO, 
FeO, ZrO,, SnO,, 
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Bi,WO,, SiO,- 
HNb,O, La,Ti,O,5, 
Zn,SnO, TaO, 


irradiations, thus 


Utilizing 
uneconomical process. 


UV-light 


Inefficient catalysts with immediate 
recombination of electron-holes pairs 
Products have lower yield and selectivity. 
CO as majour product with lower chance of 
methanol production 


Cu-TiO,, P/TiO,, 
Au/TiO,, Rh-TiO,, 
N-TiO,, C-TiO,, 
Ag, Ru, Rh & 
Pd/TiO,, Br, I, F, S, 
Ru and Cr/TiO,, C- 
V-TiO,, C-N-TiO, 
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Visible light catalyst 


Surface Modified Un-modified 


Dye/TiO,, CdS/ 
TiO,, Bi,S,/TIO,, 
Bi,O,/ TiO,, 
CdSe/TiO,, Pr- 
CdSe/ TiO,, AgBr/ 
TiO,, RhB/TiO,, 
CdS-Pt-Fe-TiO, 


Conjugate 
polymer/TiO,, 
enzymes/TiO,, 

chlorophyll/ 
TiO,, 

ZnPc/TiO, 

CoPC/TIO, 


Bi,O,, CdSe, 
SiC, CdS, 
Bi,S,, InTaO,, 
GaP, WO,, 
In,O; 


Capable of utilizing solar energy which is 45% of solar 
spectrum. 

Co-metal doped, sensitized and novel sensitizers are very 
effectual to enhance yield and selectivity. 

Higher yield and selectivity is possible under mild operating 
conditions. Methanol is possible by using co-metal and 
sensitized catalysts. Cu is good for methanol production. 


Fig. 5. Classification of UV and visible light CO2 reduction photocatalysts. 


Tseng et al. [61] used Cu-TiO2 catalyst for CO2 reduction to CH30H 
and found its efficiency two times higher than Cu-P25. Slamet et al. 
[62] synthesized Cu doped TiO; for photocatalytic reduction of CO3 
with H20 and found CH30H as the main product. When 3% Cu was 
loaded and particle size of 23 nm employed, maximum CH30H 
yield obtained was 442.2 umole g-catal.'h™! under visible light 
irradiations. Among transition metals, silver (Ag) is most widely 
used to get crystalline titania (Ag/TiO2) for CO2 reduction. Wu et al. 
[63] reported reduction of CO2 to CH30H over Ag doped TiO» with 
yield rate was 4.12 umole g-catal.'h™! over 1% Ag doped TiO. 
However, increasing Ag content increased CH4 and CH30H yield 
rates up to the optimum loading. Au doped TiO, was investigated by 
Hou et al.[64] for photocatalytic CO2 reduction with H20 using 
green laser visible light at wavelength 532 nm. The yield of CH, 
achieved was 0.93 umole m~? using TiO, for 15 h which increased to 
22.40 pmole m? with Au/TiOz used a 24 fold increment. 

In non-metals, iodine (I) doped TiO» nanoparticles were 
synthesized by hydrothermal method and tested for photocatalytic 
CO, reduction to CO under visible light. The yield rate of CO 
increased at higher I content. 10 wt% of I in TiO, was found 
optimum for maximum CO production under solar irradiations. 
On the other hand, 5 wt% I-TiO, calcined at 375 °C showed lower 
activity than pure TiO2 [65]. Similarly, Yui et al. [66] developed Pd 
doped TiO by photochemical deposition method and tested for 
CO- reduction. The addition of 1 wt% Pd in TiO2 resulted in product 
distribution from CO over TiO, to CH, over Pd-TiO with smaller 
amount of CO and C3H.g. The reuse of exhausted Pd—-TiO2 was found 
unfavorable to deliver the same. 

Among dye sensitizers, photocatalytic reduction of CO, with 
H20 into CH4 was reported by Ozcan et al. [67] using dye 
sensitized TiO, and dye-Pt/TiO2 photocatalysts under visible light 
irradiation. CH, yield increased with dye sensitizers Pt doped TiO 
compared to Pt/TiO2 and pure TiO samples. Wang et al. [68] 
sensitized TiO with ZnPc for photocatalytic CO reduction with 
H20 under visible light irradiations and observed CH30H as the 
main product. CH30H yield reached to 31 umole g-catal. ~! h™! over 
0.6 wt% ZnPc compared to bare TiOz having yield rate of 


1.25 umole g-catal. ~! h™!. With higher amount of ZnPc, the yield 
decreased gradually. Much larger enhancement factor i.e. 24.8 was 
achieved by using ZnPc as modifier. 

Detailed literature survey about photoreduction of CO2 using 
different semiconductors and reducing agents are explained in 
Table 1. It is obvious that CH4, CH30H, and CO were the main 
products in majority of the work over different types of photo- 
catalysts. The TiO2 based photocatalysts were found more efficient 
than other types of photocatalysts and studied extensively. TiO2 
has lager band gap in the range of 3.0 eV to 3.2 eV and can absorb 
light with wavelength less than 380 nm. In response to shorter 
light absorption capacity, it can absorb only 3 to 4% of the total sun 
light that reaches the earth's surface [69,70]. The common strate- 
gies to enhance visible light response (VLR) and photoactivity of 
TiO, include: doping with metals and non-metals [71,72] and 
sensitization [67]. In addition, use of nanocarbons [73], graphene 
[74], enzymes [75] and novel sensitizer [76] have prevailed. The 
detailed literature on type of photocatalysts utilized for photo- 
catalytic CO, reduction under UV and/or visible light irradiations 
with their characteristics are summarized in Fig. 5. It is obvious 
that a large variety of photocatalysts are tested for CO2 reduction; 
among them surface modified and novel photocatalysts are of vital 
importance. Therefore, further work is needed to explore TiO2 
based photocatalysts due to numerous advantages such as low 
cost, excellent oxidizing power, abundantly available, corrosion 
resistance and stable. This could be the ultimate solution to 
develop sustainable phototechnology which could guarantee the 
production of economical solar hydrocarbon fuels. 


3. Effects and roles of various factors in CO, recycling 
to hydrocarbons 
3.1. Reduction potential 


In photocatalytic CO, reduction, selection of reducing agent is 
vital, and reduction of species usually depend on their reduction 
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potentials. The reduction potential of H20 to produce Hp2 is 
considerably lower (E?.4=0V) than the standard reduction 
potential of CO, to generate CO} (Efa =-1.9 V) [105]. Therefore, 
during COz reduction with H20, it would be more favorable to 
reduce H2O instead of CO, because HO has lower reduction 
potential. Therefore, in photocatalytic CO2 reduction with H20, in 
addition to other products Hz should also be determined. If Hz is 
not present in sufficient amount in the gaseous product mixture, 
then this would be good indication that H20 is not competitng 
with CO, during the reduction process. However, if a large 
quantity of Hz is generated, then it should be on the basis of 
thermodynamic consideration and photocatalytic activity should 
be re-evaluated under other operating conditions, preferably in 
the absence of liquid H20. 

On the other hand, CO, reduction to CH30H, CH, and other 
hydrocarbons requires a reducing compound acting as hydrogen 


Table 2 
Summary of reduction potentials for half-cell reactions at pH 7 in aqueous solutions 
versus the normal hydrogen electrode. 


Chemical equations Thermodynamic 

potential, 
V vs NHE 

CO-+e- +CO5 (9) -19 

2H*+2e7 +H, (10) -0.41 

CO, + 2H* + 2e- — HCOOH a1) -0.61 

CO, + 4H* + 4e- > HCHO + H20 a2) -0.52 

CO, + 2H* + 2e“ > CO + H20 a3) -0.48 

CO, +6H* + 6e- > CH30H + H20 (14) -0.38 

CO) + 8H* + 8e- > CH4+ H20 a5) -0.24 

H2C03+2H++2e7 HCOOH + H20 (16) -0.166 

H2CO; + 4H++4e7>HCHO + 2m0 0P -0.050 

H,CO3 + 6H++6e- >CH30H+ 2H,0 (18) 40.044 

2C03-+4H* + 2e- +C,03-+2H,0 (19) 40.478 

2C02- + 3H+ + 2e--HCOO-+2H,0 (0) +0.311 

2C02 + 8H* +6e-+CH;0H+2H,0 CD +0.209 

2C,02-+2H*2e- + 2HCOO- (22) 40.145 

HCOO-+5H*4e~ + CH;0H + 2H,0 (23) 40.157 


Higher position 
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source. However, among different possibilities, the more challenging 
task is the use of HO as a reducing agent. The process of 
photocatalytic COz reduction with H20 is considerably more difficult 
than water splitting due to their redox potentials. To evaluate the 
possibilities of COz reduction to CH30H or other hydrocarbon fuels, it 
is sensible to consider basic processes that could occur during CO2 
reduction with H20. The possible reactions in the reduction of CO3 
with H20 in terms of thermodynamic reduction potentials versus 
normal hydrogen electrode (NHE) are explained by Eqs. are sum- 
marized in Table 2 [56,106-108]. 

It is obvious that multielectronic processes in Eqs. (10)-(15) are 
more favorable as they require less energy per electron transfer 
compared to monoelectron process (Eq. (9)). In Eqs. (10)}-(15), each 
step requires a transfer of additional two electrons. Therefore, to 
study the feasibility of reaction occuring in photocatalytic process, 
the position of conduction and valance band edges are used as a 
simple tool to evaluate the possibility of potential reaction 
products. The photo-excited electrons can be utilized efficiently 
if the reduction potential of reaction is lower than the conductance 
band of semiconductor [109]. By comparing TiO conductance 
band value (-0.50 eV) with that of thermodynamic potentials of 
reactions in Eqs. , it could be anticipated that the reactions in Eqs. 
are more favorable to produce CH30H and CHy,, since their 
reduction potentials are lower than the TiO conductance band. 


3.2. pH of mixture 


Photocatalytic CO reduction is more favorable under basic pH 
values and during its reduction, carbonates and bicarbonates may 
also be produced. However, carbonates and bicarbonates are good 
holes quenchers, are more stable compounds than CO2 and it 
would be difficult to reduce them. In contrast, lower pH and higher 
proton concentrations lower the theoretical reduction potential of 
CO2. However, higher proton concentration could enhance H2 
production by promoting H20 splitting compared to CO, reduc- 
tion. On the contrary, lower pH could shift the conduction band 
edge towards more positive and would be favorable to reduce CO» 


pH=7.0 


Redox potentials 


CO, / HCOOH - 0.61 

CO, / HCHO= - 0.52 

CO, / CO= — 0.48 

H+/H, =- 0.41 

CO, / CH, OH = - 0.38 
CO; / CH} =- 0.24 

H, CO, / HCOOH = - 0.166 
H, CO, / HCHO = - 0.05 
H, CO, / CH, OH = — 0.044 


H, O/O, =- 0.82 


H,O/OH= + 2.32 


Fig. 6. Schematic representation of conductance band potentials of semiconductor and thermodynamic reduction potentials of various compounds measured at pH=7 


[47,56,106]. 
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to CH30H through Eq. (14). Besides this, H2CO3 can be reduced to 
multiple products by Eqs. (16)-(18) and carbonate ions can also 
lead to different products by Eqs. (19)-(21). Molecular species and 
anions produced among various reactions could undergo different 
reactions Eqs. (22) and (23) for additional formation of CH3OH. 


3.3. Semiconductor conductance band 


The effectiveness of semiconductors to transfer photo-induced 
electron toward adsorbed species depends on the semiconductor 
conductance band and redox potential of adsorbates. The band gap 
of semiconductor indicates its ability to absorb photons. Usually 
large band gap materials are most suitable for CO2 reduction 
applications as they can provide enough redox potentials to 
execute chemical reaction. However, large band gaps require 
higher input energy [110]. The semiconductor band gaps in terms 
of their reduction potentials to reduce CO, with H20 are depicted 
in Fig. 6 [47,106]. As a general role, the relative reduction potential 
of acceptor (adsorbed species) is thermodynamically required to be 
below (more positive) the conduction band of the semiconductor. 

Aliwi et al. [111] utilized CdS for photocatalytic reduction of CO3 
at pH 6 and reported HCHO and HCOOH as the major products. The 
conductance band of CdS is about to -1.0 eV (E° (red=~-1.0 ev)) 
which is closer to values reported in Eqs. and more favorable for 
HCHO and HCOOH products. By using ZnS—CdS composites, HCOOH 
and CO were the main products due to their coductance band closer 
to Eqs. (14) and (15) [112]. Anpo et al. [113] tested various types of 
TiO» (anatase and rutile) photocatalysts and observed TiOz anatase 
was more favorable for CH, production while TiO, rutile exhibited 
higher efficiency for the formation of CH4 and CH3OH. Inoue et al. in 
1979 reported reduction of COz to CH4, CH30H, HCHO and HCOOH 
by using TiO2, WO3, ZnS and CdS and suggested reduction of CO2 to 
CH, is a multiple step reduction process. 


3.4. Metal modified catalysts 


Controlling recombination of photo-excited electron-hole pairs 
in semiconductor helps to maximize charge transferring toward 
adsorbed species. In different studies, several attempts are made 
to enhance charge separation process in order to improve CO2 
reduction efficiency [114]. One way to hinder charges recombina- 
tion can be attempted through efficient monitoring of illumina- 
tion. This could help to avoid excessive concentrations of electron 
(e7) and holes (h*) pairs, which ultimately will promote oxidation/ 
reduction reactions [115]. On the other hand, recombination can 


Energy 


Electron 
Trap 


Semiconductor holes 
catalyst 


hy 
Metal 


be prevented by loading photocatalysts with metals and noble 
metals to function as charge-carrier traps. The defects and irregu- 
larities present on the surface and in bulk participate as charge 
carrier traps and suppress the recombination of electron and 
holes, as explained in Fig. 7(a and b) [110]. 

The addition of noble metals to semiconductor can change the 
photocatalytic properties due to change in semiconductor surface 
characteristics. The addition of metal to semiconductor increases 
the yield and selectivity of a particular product. The mechanism of 
metal surface modification and charge separation has been 
demonstrated in Fig. 8. Fig. 8(a) reveals that yield of CH4 increased 
significantly with the addition of Au into TiO, structure. Fig. 8 
(b) represents charge separation and interfacial redox reaction at 
Au nanoparticle modified TiO}. Energy band alignment of anatase 
TiO2, Au, and the relevant redox potentials of CO and H20 could 
efficiently produce HCHO, CH30H and CH, under visible 
illuminations. 

Varghese et al. [21] reported CO2 reduction to different hydro- 
carbon fuels using N and Cu co-metal doped TNTs under direct 
sunlight. The hydrocarbon production rate was 104 ppm cm~? h“! 
with Cu loaded N-TNTs (Fig. 8c). On the other hand higher 
production rates of Hz and CO were observed by using Pt load 
N-INTs with combined rate of 273 ppm cm~? h™! (Fig. 8d). There- 
fore, catalyst doping can enhance CO, reduction rate and product 
selectivity. Various types of dopants such as metals (Ag, Au, Rh, Pt, 
Cu, Ce, Pd, Sn and Ni), and non-metals (C, N, F, and S) could be 
employed to improve catalyst yield and selectivity. Recently, co- 
doped catalyst with both metal and non-metal ions exhibited 
remarkable potential as these catalysts are more effective to 
enhance photocatalytic activity compared to single or/non-metal 
doped photocatalysts [116,117]. 


3.5. Catalyst type and support 


The limitation of photocatalytic activity for semiconductors can 
also be overcome by surface modification. Semiconductor surface 
modification has three advantages; (1) inhibiting recombination 
by increasing charge separation which ultimately increases effi- 
ciency, (2) enhancing wavelength response, and (3) increasing 
selectivity or yield of desired product. The design of molecular size 
catalysts within zeolite and other porous materials having micro 
pores is of special interest due to distinct physical and chemical 
properties [118]. Microstructured materials have many advantages 
including higher internal surface area, ion exchange capacities and 
porous structure allowing the molecules to diffuse into pores 


Surface Trap 


catalyst surface 


Fig. 7. (a) Metal modified semiconductor photocatalyst particles for electron trapping, (b) surface and bulk electron carrier trappings. 
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Fig. 8. Schematic illustrations of photocatalysts with their band gap potentials: (a) photocatalytic product yields (after 15 h of visible irradiation) on different catalytic 
surfaces, (b) energy band alignment of anatase TiO2, Au, and the relevant redox potentials of CO2 and H20 under visible illumination; (c) nitrogen-doped titanium nanotube 
array films with Pt (TNT/Pt) and Cu (TNT/Pt) co-catalysts for hydrocarbon generation rate, (d) H2 and CO generation rates [4] 


cavities and remain intact during cluster growth [119]. Different 
types of sensitizers such as coupling semiconductors, carbon 
nanotubes, and some novel sensitizers could also be used 
to improve photocatalytic activity and selectivity under solar 
spectrum. 

Zeolite materials have been tested in many studies due to their 
mesoporous structure. The photocatalytic CO2 reduction with H20 
has been tested by many researchers using titanium oxide 
anchored within micropores of zeolites [51], Ti-MCM-41 and Ti- 
MCM-48 mesoporous zeolites [80] and Ti-beta zeolite [120]. 
Photocatalytic reduction of CO% with water was performed by 
using high surface area TiO, dispersed in porous silica coated as 
thin film and products such as CH4, CH30H, CO and O, were 
detected [121]. Similarly CO2 reduction with H20 was conducted 
over highly dispersed TiO, and anchored TiO, [77,122]. 

In lower band gap semiconductor coupled with metals, Wang 
et al. [34] reported the photocatalytic reduction of CO2 and H20 
using CdSe/Pt/TiO2. It was observed that the hetero-structured 
materials are capable of sensitizing TiO to shift its excitation band 
under visible light illumination at wavelength >420nm. The 
maximum production yield rate was 48 and 3.3 ppmg- 
catal. ~! h“! for CH4 and CH3OH, respectively. Shi et al. [85] used 
coupled semiconductor Cu/CdS-TiO2/SiO2 for the photocatalytic 
reduction of CO and CH, to oxygenated compound, and the 
maximum conversions of 1.47% and 0.74% for CH4, and COs, 
respectively, with 92.3% selectivity of acetone were observed. Le 
et al. [123] modified the surface of sensitized TiO with RhB and 
coated over Co/TiOz for photocatalytic reduction of CO2 and H20. 
Hə production rate of 98.9 umole g-catal.~! h™! was observed using 
RhB-Co/TiOz catalyst under the visible light irradiation. It was 


observed that H2 production rate has increased to six times using 
RhB-Co/TiOz than Co/TiO2. 

The analysis and comparisons of different types of surface 
modified photocatalysts to reduce CO2 into hydrocarbon fuels is 
demonstrated in Fig. 9. It is obvious from Fig. 9(a) [124] that TiO 
can be used efficiently as visible light responsive (VLR) photo- 
catalyst to develop solar hydrocarbon fuels based technology by 
modifying its surface with dopants and/or with sensitizers. It 
could be seen that TNTs surface modified with sensitizers like 
Bi2S3 has a higher yield than TNT but lower than Bi2S3. The overall 
concept of this progressively enhanced yield is linked with 
efficient production and utilization of electron and hole pairs. On 
the other hand, higher production rate of hydrocarbon fuels like 
CH30H was observed by using metals doped sensitizer/ TiO 
composites. By investigating the overall trend in CO, reduction 
to solar hydrocarbon fuels, an obvious increment trend in yield of 
CHOH could be seen. The yield rate was in the order of dopant- 
sensitized TiO2 > co-doped TiO > metal modified TiO- as depicted 
in Fig. 9(b). 


3.6. Photoreactor design 


The photoreactor differs from traditional chemical reactors. The 
physical geometry of photoreactor is significantly important to 
insure photons are collected effectively. The photoreactor opera- 
tional parameters like temperature and pressure have less impor- 
tance compared with effective absorption of photon on catalyst 
surface. The renewable technology and mitigation of CO 2 by 
photocatalysis has led interest in this technology, but this field is 
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Fig. 9. (a) Comparison of average production rate of CH30H from CO» reduction using different type of TiO2 based photocatalysts, (b) performance of different types of TiO2 
photocatalysts surface modified with dopants and/or sensitizers for photocatalytic reduction of CO2 and H20. 


relatively new and photoreactor design has not been standardized 
yet and various designs have been considered [125]. 

For industrial applications, several design parameters like 
photoreactor geometry, efficient photocatalyst for absorbing of 
light radiation, efficient utilization of radiant energy, transmissions 
of radiant energy on catalyst surface, longer life time of electron 
and holes and efficient interaction between reactants are neces- 
sary to be optimized. The successful design of photoreactor must 
have ability for increasing the number of photon absorbed per unit 
area per unit volume as well as efficient utilization of electrons 
and holes for improved photocatalytic activity [41]. 


4. Advances in photoreactors for CO, recycling 


In photocatalysis applications, CO2 conversion and yield rates 
could only be enhanced if equal importance is given to both 
catalysts and reactors. Several parameters are important in photo- 
reactor design but not included in conventional chemical reactors 
including selection of radiant source, source efficiency, spectral 
distribution, shape and dimensions as well as design of irradiant 
devices including mirrors, reflectors, windows and their construc- 
tion materials, shape and cleaning procedure. 

In addition to reactor design strategies and efficient catalyst, 
there are a number of operating variables that affects the rate and 
extent of chemical reaction transformation including semiconduc- 
tor concentration, reactive surface area, and particle aggregative 
size, concentration of electron donors and acceptors and incident 
light intensity. However, photoreduction of CO, can be practiced 
by using both solar and ultraviolent radiations in various types of 
reactors [41]. The general classification of UV and solar reactors 
under consideration has been depicted in Fig. 10. 


4.1. UV light photocatalytic reactors 


Various types of UV light photocatalytic reactors have been 
practiced in the last decades for photocatalytic CO2 reduction. The 
two phase system can be gas-solid or liquid-solid and are 
operated in either fluidized bed or fixed bed mode. Three phase 
systems are the combination of gas, liquid and solid and are 
operated in different flow patterns. The most common types 
operated under three phases systems are trickled bed, bubble 
flow fixed bed, high velocity flow and continuous stirrer tank 
reactors. 

The most common types of reactors under investigations for 
CO, reduction are slurry reactors, fixed bed reactors and annular/ 
bubble flow reactors. Slurry type reactors have been practiced 
since the last three decades using photocatalytic oxidation process. 
Various studies have been conducted in laboratory scale by 
dispersion of catalyst in aqueous phase (slurry). For the first time 
in 1979, Inoue et al. [47] worked on photocatalytic reduction of 
CO; to different products by using slurry reactor in which catalysts 
were suspended in water. During the period of 1980 to 2000, 
slurry type reactors were under consideration for reduction of CO2 
using UV or visible light irradiation [48,126,127]. Such types of 
reactor design faces various problems such as presence of fine 
solid phase catalyst which led to fouling of radiation source, less 
active surface contact area, and additional cost during the separa- 
tion of fine catalyst particles. 

During the last 10 years, there is gradual development in design 
of photocatalytic reactors for reduction of CO under UV/Visible 
light irradiation. However, the most widely used reactors are fixed 
bed, surface coated annular type, and optical fibers. In fixed-bed 
reactor, the catalyst is coated or anchored on the reactor wall for 
efficient absorption of light radiation. In such reactors, fluid flow 
regime approaches to plug flow tends to achieve higher 
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Fig. 10. Classification of UV and solar photocatalytic reactors. 
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Fig. 11. (a) Outlines of gas flow and light reflection in optical fibers, (b) images of photoreactor with optical fibers. 


conversion per unit mass of catalyst. The advantages of fixed-bed 
reactors are the low pressure drop which enables such system to 
be operated under reduced cost and also catalyst stability. Such 
types of reactors still provide lower contact exposure to light area 
for maximum conversion and yield rates. 

The annular type reactors usually have two concentric cylin- 
ders in which catalysts are coated, packed or suspended. The 
source of light for photocatalytic reaction can be located at 
the center or around the reactor. In general, the cross section of 
the reactor tube is small to accommodate higher gas velocity for 
ensuring products desorbed on the surface are removed effec- 
tively. Multitubes reactor consists of cylindrical vessel with hollow 
glass tubes externally coated with photocatalysts. Such reactor 
configurations are similar to shell and tube type heat exchangers 
[128-131]. The source of light for photocatalytic reaction can be 
located around the reactor or at the center. Fig. 11(a) illustrates the 
source of light around the reactor tubes while the heating source 


could also be used to maintain temperature. The schematic batch 
stirred annular reactor is shown in Fig. 11(b) in which CO, was 
continuously bubbled through water while illuminated separately 
by using lamp in the inner cylinder. 

In 2005 Jeffrey et al. [88], for the first time used the optical fiber 
photoreactor for reduction of CO, and H20. The schematic repre- 
sentation of optical fiber photocatalytic reactor is depicted in 
Fig. 12. Although optical fibers can deliver light efficiently and 
uniformly, yet they have various disadvantages. Among them are 
lower adhesion strength, relatively low surface area and only 20- 
30% of the reactor volume is available for photocatalysis [54,132]. 

Recent advancement in phototechnology showed monolith 
reactors have various advantages compared to commercial reac- 
tors. Utilization of monolith having microchannels with higher 
light interaction surface area can increase the conversion and yield 
rates. In 2011, Liou et al. [54] for the first time used monolith 
photoreactor for photocatalytic reduction of CO with H20 
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Fig. 12. (a) Schematic representation of annular reactor with the lamp outside the shell, (b) schematic of batch annular stirred reactor for CO, reduction [103]. 
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Fig. 13. (a) Schematics of monolith reactor and illumination fibers, (b) internally illuminated monolith photoreactor for CO, reduction with H30. 


to CH30H. The schematic of monolith photoreactor is shown in 
Fig. 13. The illumination inside the reactor was promoted by 
inserting optical fibers inside the monolith channels. The catalyst 
was coated inside the channel by dip-coating. Comparisons of 
different types of UV and/or visible light photocatalytic reactors 
with their limitations are summarized in Table 3. 


4.2. Solar photocatalytic reactors 


The use of artificial UV light ultimately increases total annual 
operating cost of photocatalytic process. This drawback prompts 
the idea to harness solar radiation for industrial applications. From 
the strength of solar flux that reaches the earth's surface, 
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Table 3 
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A summary of different types of UV photocatalytic reactors and their limitations. 


Category Type 


Characteristics 


Limitations 


Three Slurry reactors e They are the combination of gas—liquid-solid phases. e Separation of catalyst from mixture is quite difficult. 
phase e They can be operated in different flow patterns. e The presence of fine solid in slurry leads to scale up 
e Experiments are conducted by dispersion of catalyst in aqueous phase and fouling of light source. 
(slurry). e Have less active contact surface for photocatalysis. 
e They can be operated in fixed bed mode or continuous flow patterns. e Additional cost during separation of fine particles. 
e Reduction of CO2 with lower conversion and yield 
rates of desired products. 
e Additional cost in case of continuous stirring of 
slurry. 
Fluidized reactors e Catalyst and reactants are in fluidized form. e Erosion by abrasion of particles and attrition of the 
e Vigorous agitation of solid by passing fluid resulting in efficient heat and catalyst. 
mass transfer rates within the bed. e Separation of catalyst from mixture is quite difficult. 
e High photocatalytic activity. e Operational cost of catalyst separation. 
e Fluidized approach decreases the economical validity 
of the system. 
Two Fixed bed reactors They have gas-catalyst or liquid-catalyst phases. e Lower exposure of catalyst to light irradiations. 
phase Operated in either fixed bed or fluidized bed mode. e Lower quantum yield and mass transfer on the 


Bubble flow fixed 
bed reactors 


Annular reactors 


Catalyst is usually suspended on the reactor bottom. 
High conversion per unit mass of catalyst. 
Catalyst in powder or pellets could be used. 


Consists of bed of catalyst and coaxial lamps radiation source. 
Random packing with relatively small particles. 

Packing is particularly quartz glass coated with thin layer of 
photocatalyst. 

Reductant flow through gravity and separated at bottom. 

CO, is flowed upward in opposite direction. 

High mass transfer rate and catalytic activity. 


Usually have two concentric cylinders coated or packed with 
semiconductor catalyst. 

Source of light can be located at center or around the reactor. 

In tubes, higher gas velocity for ensuring products desorbed from the 
surface are removed effectively. 


catalyst surface. 

Lower conversion and yield rates. 

Usually studied in batch mode due to lower 
conversion of CO2. 

In continuous flow system yield rates of products will 
be difficult to measure. 


Lower interaction surface area between catalyst and 
light irradiations. 

Higher pressure drops and erosions of catalyst. 
Lower conversion and yield rates. 

Difficult to control operating conditions. 
Maintaining reaction temperature is difficult. 

Only suitable at normal operating temperature and 
pressure. 


In fixed bed tubes, possibilities of uneven or partial 
light distribution. 

Lower surface area for catalytic reactions. 

In fixed bed tubes, high pressure drop. 

Lower conversion, and yield rates. 


Optical fiber e Catalyst is arranged with certain structure or arrangements. e Lower adhesion strength of catalyst. 
photoreactors e Higher interaction between irradiations and catalyst surface. e Relatively low surface area for chemical reactions. 
e Efficient light distribution throughout the reactor. e Only 20-30% of reactor volume is available for 
e Higher conversion and yield rates. photocatalysis. 
e Lower operational costs. e Uniform coating of fibers is very complex and special 
e Lower pressure drop and more stability of catalyst. methods are demanded. 
Monolith Efficient distribution of light over the catalyst surface. e Only reflector type light source can be used. 
photoreactors Higher volume to surface area ratios e Coating of catalyst inside channel demands specific 


Fluid flow regime tends to plug flow and low pressure drop. 

High loading and stability of catalyst. 

Most suitable for gas-solid systems which particularly have higher 
feed rates. 

Higher conversion and selectivity. 


methods like dip coating. 
Lower catalyst adhesion on walls and could be 
eroded under high flow rates. 


approximately 10% can be utilized effectively for photocatalytic 
applications. Efficient utilization and solar spectrum harvesting 
have important considerations in solar energy applications. There 
are several articles about the design of solar photocatalytic 
reactors for wastewater treatments and these reactors can be 
applied for photoreduction of CO, with certain modifications. The 
basic difference in design of wastewater and CO; treatment system 
is that wastewater reactor are designed for organic and biological 
destruction in aqueous solution while for CO system, CO% is 
dissolved in water or other solvents before destruction for useful 
products. 


Solar reactors have two basic types: suspended and supported 
photocatalyst under concentrated and non-concentrated sunlight 
reactors which have further classification as listed in Table 4. In 
concentrating reactor, solar light is concentrated and gathered ina 
photocatalytic reactor with the help of reflecting surface. Non 
concentrating reactors consume more sunlight because they 
capture diffuse UV light as well as direct solar radiations. In 
addition, non-concentrated systems can function as solar collec- 
tors as well as photocatalytic reactors [91,125]. 

The parabolic trough reactor is concentrating type units con- 
sist of tubular reactor section and parabolic reflecting section. 
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Table 4 
Reactor classifications for solar photocatalytic reactions. 


Category 


Concentrating reactors 


Non concentrating reactor without reflectors 


Non concentrating reactor with reflectors 


tubes inside 


Product 
collector 


Cc 


Glass window 


Reactants 


Suspended photocatalyst 


Parabolic trough reactor 
Falling film reactor 


Solar pond 

Tubular reactors 

Inflatable tube reactor 
Pressurized tube reactor 

Flat plat reactor 

Trickle down flat plat reactor 
Double skin sheet reactor 
Falling film reactor 


Compound parabolic collecting reactor 


Trough having 


Supported catalyst 
Parabolic trough reactor 
e Flat plate reactor 


Trickle down flat plate reactor 
Thin film fixed bed reactor 


Tubular reactor 
Fiber optic cable reactor 


Reactor tubes 


-x 


Product 


Inclined plates 
open to sunlight 


Fig. 14. (a) Parabolic trough type solar photocatalytic reactor [133]; (b) compound trough type solar photocatalytic reactor; (c) inclined plate reflector solar photocatalytic 


reactor [125]. 


Such types of reactors are designed by using long tube, reflective, 
parabolic surface for concentrating solar radiation on a transparent 
tube place along the parabolic focal line and trough in which the 
reactant fluid flow [133]. The configuration of parabolic trough 
type reactor is shown in Fig. 14(a). In such type of reactors, the 
catalyst is either suspended as fine particle in reactant fluid or 
supported on reactor tubes. In parabolic trough reactors, surface 
area of absorber tube is substantially lower than reflecting surface, 
which helps to concentrate photons and light intensity on photo- 
catalyst. On other side, compound parabolic rectors are more 
efficient than trough type and their configuration is shown in 
Fig. 14(b). The greater advantages of compound parabolic trough 


are that reactor geometry allows the indirect light to be reflected 
on absorbed tube surface [125]. 

The design of concentrating parabolic and non-concentrating 
compound parabolic reactors is taken from commercial solar 
thermal reactors, but they do not represent a potential design. 
The photocatalytic systems depends on operational parameters 
that differs from solar thermal processes like mass transfer 
between photocatalyst and reactant fluid, ensuring efficient illu- 
minations of photocatalyst and being able to handle catalyst 
effectively. The most suitable reactor which fulfills all these 
requirements is inclined plate reactor, as shown in Fig. 14(c). The 
basic design consists of flat, inclined surface upon which reactant 
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fluid flows as thin film. The photocatalyst is supported on the 
surface of inclined plates, provide larger illuminated surface area 
and could efficiently harvest higher solar energy. This design is 
simple, efficient, uses low cost material and can be practiced for 
diverse applications [134,135]. 


5. Recommendations 


It is obvious recycling of CO; by utilizing solar energy could be 
fruitful to produce economical and sustainable hydrocarbon. 
However, improving the lower yields during CO, reduction is a 
challenging task ahead. The selection of efficient photocatalysts 
and appropriate design of photocatalysts are some of the observed 
limitations that needed focus. The operating parameters could also 
be optimized to maximize conversion and yield rates. Therefore, 
applying basic engineering and scientific approaches should 
achieve the goal to recycle CO2 to sustainable fuels and overcome 
the constraints. 

In order to develop efficient CO reduction phototechnology, 
equal importance should be given to basic pillars of photocatalysis 
i.e. photoreactor and catalyst. The design of photocatalytic reactor 
is efficient only if there is a good interaction between four phases 
(liquid, gas, solid and light) for gas-liquid systems and three 
phases (gas, solid and light) for gaseous systems. The distribution 
of catalyst and light inside photocatalytic system are important to 
enhance conversion and yield rates. In this regard, the monolith 
photoreactors are considered more efficient as the reactors have 
higher surface area, more catalyst loading and good distribution of 
light over the catalyst surface due to their microchannels. 

In addition, it is important to consider all operating parameters 
such as initial CO concentration, reaction time, temperature, light 
intensity, system pressure, pH and activity decay over time during 
photocatalytic CO reduction. These factors would be helpful to 
evaluate the average productivity that are missing in majority of 
the reported studies and are important for complete analysis of 
CO- photoreduction process. Therefore, in future, more research 
should focus on CO2 photoreduction scale-up technology for 
commercial applications. 


6. Conclusions 


Photocatalysis is a potentially economical and environment 
friendly technology for sustainable development. In photocatalytic 
CO, reduction, four key factors are essential to be considered for 
achieving higher conversion and for improving the efficiency of 
photocatalytic process. The first key factor is the selection of 
semiconductor catalyst having appropriate band-gap energies. 
The proper structure of catalyst participates significantly for 
improving the conversion, yield and selectivity as well as for 
increasing the rate of reaction. The metal doped catalysts could 
help to improve recombination times of charges particles. On the 
other hand, sensitizers and novel catalysts could contribute 
significantly to improve yield and selectivity. Co-metals and 
metal-sensitizers are eminent to maximize yield rates. The next 
factor is the choice of reductant for CO2 photoreduction. The 
effectiveness and product selectivity of photocatalytic reactions 
is achieved by selecting appropriate reductant. Water is most 
commonly used as reductant in liquid and gas phase, although 
solubility of CO, in water is very low, and water splitting reaction 
is more favorable than CO2 reduction. However, during CO2 
reduction with water, three main products including CH4, CH30H 
and CO could be found if water does not compete with H20. On the 
other hand, CH; is a very attractive reductant and supports the 
production of hydrocarbons, Hz and CO. Appropriate design of 


a photocatalytic reactor is the third important factor. The design of 
photoreactor is different from the conventional chemical reactors 
and in photocatalysis technology; there is a gap in this research 
area. Photoreactors are mostly practiced for water and air treat- 
ment and each research group has their individual design without 
any discipline and set criteria. In case of photoreduction of CO2 to 
renewable fuels, the conventional available reactors are utilized. 
The reactor design for increasing the efficiency of CO, reduction is 
lacking as the reactor is incapable of harnessing solar radiations 
efficiently. However, optical fiber and monolith photoreactor are 
more suitable for CO reduction applications due to their higher 
illuminated surface area. Finally, optimizations of the operating 
conditions are important for engineering and commercialization 
purposes. Therefore, it is important to consider all operating 
parameters such as CO, concentration, reaction time, temperature, 
light intensity, system pressure, pH and activity decay for higher 
conversion and yield rates. The present available phototechnolo- 
gies are still operating under lower conversion, yield and selectiv- 
ity. Thus, further research efforts are needed to deliberate all the 
above four factors for maximum efficiency. 
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